The paper presents a method for the design of a low-energy district heating (DH) system, concerning the studies of different pipe-dimensioning methods, substation types and network layouts. Computations were carried out separately on each of the pipe segments of which the DH network consisted. A simultaneity factor was taken account in connection with each of these pipe segments. The applicability of the developed optimization method was investigated with outcomes of its being highly useful in the pipe dimensioning and of its being superior in respect to traditional dimensioning methods. It was shown that an appreciable reduction in heat loss from the DH network could be achieved. The optimal pipe dimensions found were evaluated by use of the commercial software Termis with input of several randomly generated heat demand scenarios involving peak winter conditions. The effects of the network type on the pipe dimensions were investigated for substations of different types containing buffer tanks and heat exchangers and for booster pumps installed at the DH network. Two types of network layouts were compared in terms of satisfaction of customers concerning the supply temperatures and heat loss within the DH network to prevent excessive drops in supply temperature during the summer months.
Introduction
Efforts to reduce energy consumption in European buildings, together with intensified energy efficiency measures that are being undertaken, and the increasing exploitation of renewable energy sources for providing heat have led to the search for a more adequate conception and better network design of new-generation District Heating (DH) systems for low-energy buildings [1] [2] [3] [4] [5] [6] . Both the integration of new low-energy buildings and the low-energy renovation of existing buildings increase the percentage of heat loss from the piping network of a traditional DH system. Heat loss from the network has a significant impact on the costeffectiveness and energy efficiency of a DH system [7] [8] [9] . In one project in this area [10] it was found that a low-energy DH system operating at very low temperatures, 55 °C in the case of supply and 25 °C in the case of return, can satisfy the heating demand of consumers through adequate control of the substations [9, [11] [12] [13] . There are also studies [12, 14, 15] which have shown that indoor heating systems in already existing buildings can continue satisfying the heat demand at low supply temperatures. In addition, certain heat loss can be avoided through operation at low temperatures [11, 16] , providing savings in heat production as well [9, 14, [17] [18] [19] [20] [21] . The heat loss from a DH network is affected by the diameter of the pipes and the insulation material employed, as well as by the temperature of the supply and by the return heat carrier medium. Accordingly, special attention needs to be directed at the dimensions of the DH piping network so as to take advantage of DH in the best possible way [2, 5, [22] [23] [24] [25] [26] .
Traditional methods of DH pipe dimensioning involve use of a size-searching algorithm in which the lowest pipe diameter possible is defined in accordance with the maximum velocity and/or with the maximum pressure gradient, so as to avoid the installation of an overdimensioned and unnecessarily costly DH network [4, 16, 23, 27] . The risk of obtaining an over-dimensioned piping network can be prevented by optimal design of the DH network [28, 29] .
It is not expected that each consumer will consume heat at a full demand level or at exactly the same time. This is the basic idea behind the use of simultaneity factor [30] . Special attention was thus directed at determining the heat load in each pipe segment, consideration being given to the consumer load to which each pipe segment is subjected. Three methods for the dimensioning of piping networks, two of them based on use of maximum pressure gradient criteria [31] and the other on optimization [11, 28, 29, 32, 33] , were investigated, their being compared in terms of heat loss from the DH network. Also, DH networks connected to two different substations each containing a buffer tank or a heat exchanger, used for domestic hot water (DHW) production were investigated. In addition, further opportunities for reducing the dimensions involved were studied by installing additional booster pumps in the DH network together with the substations containing heat exchangers for DHW production. The reliability of the DH network with optimal pipe dimensions was evaluated by use of the hydraulic and thermal simulation software Termis, in which peak winter scenarios representing different heat consumption profiles of consumers were compared, these being based on the degree of simultaneity of the heat demands of the different consumers [34] .
Supply temperature in the DH network is lowered, in particular through the heat consumption being reduced when there is no need for space heating (SH) and through consumers being absent during holidays and vacation periods. Two types of network layouts were investigated -branched networks with bypasses at leaf nodes and looped networks without bypasseswith the aim of determining how best to prevent marked drops in the supply temperature and at the same time keep heat loss from the DH network at a minimum. The heat consumption profiles of consumers have been found to affect the operation of DH networks [11, 36] .
Accordingly, different DH network layouts were investigated in terms of energy performance under conditions of low heat demand in the summer, on the basis of time series simulations involving use of the Termis software and of different scenarios.
Methods

Description of the Site
A case study was carried out concerned with a suburban area of Trekroner in the municipality of Roskilde in Denmark, in which extensive building construction is planned (Figure 1 ), the DH system there supplying heat to 165 low-energy houses. The piping network is to have a total length of about 1.2 km in the layout of the branched type and 1.4 km in the layout of the looped type, the length of the end-user connections not being figured in here. Future network extension is assumed to not be required. It is also assumed that consumers will have a peak heat demand of 2.9 kW in connection with SH, of 32.3 kW if a substation having a heat exchanger is employed, and of 3 kW with use of a substation having a 120 litre buffer tank for DHW production (more detailed information regarding this can be found in [37] [38] [39] ). The heating demand data for SH and for DHW was found to meet the requirements defined for heating demand data by the software Be06, which was updated in 2011 through development of the new version of it, Be10 [40] .
Since the heat loss from twin pipes is less than that from single pipes with the same dimensions, and since the cost of installing twin pipes is usually less for dimensions of up to DN 100 [37, 41] [42, 43] . TPD refers to the set of inner diameters of the pipes that are commercially available, the subscript "Alu" referring to AluFlex twin pipes and "St" to steel twin pipes. A general set of inner diameters including both AlueFlex twin pipes and steel twin pipes was defined as TPD = TPD Alu ∪ TPD St . The use of higher values for the maximum allowable pressure drop for dimensioning purposes, can result in a sharp decrease in the pipe sizes involved, in heat loss from the DH network and in higher pipe installation costs, at the same time as the operating costs remain constant [28] . The maximum static design pressure for AluFlex twin pipes (10 bara) was considered as a constraint in setting the maximum allowable pressure drop for the dimensioning methods [44] . The overall maximum allowable pressure drop, ∆P Max for the supply and for the return lines was set to 8 bar, for a holding pressure of 1.5 bara on the return line at the heat source. Also, the minimum pressure drop was set to 0.5 bar for the substation of each consumer. The ground temperature was set to 2 ºC for peak winter conditions and 14 ºC for the summer months [45] .
District Heating Network Model
In the present paper, the calculations were applied mainly to branched networks. The branched network model makes use of the node list array N and the pipe list array P [11, 44, 46] , the end-user connections (also known as the branch pipe) being excluded so as to make calculations easier ( Figure 1 ) [27] . In accordance with the DH network model, the heat source at the root node r was defined as supplying heat through the routes R that end at the leaf nodes l (i.e. nodes without any successor node). The pipe list array P consists of the pipe segments P i-1,i that connect the node i-1 to the node i, in the order of root node r to leaf node l, together with information concerning the number of consumers C(N i ) connected to the node N i and the length of the pipe segments L(P i-1,i ). The routes of a network R l are the branches starting from the root node r and extending to the destination of the leaf node l in question.
Accordingly, functions applying to R l are calculated for the entire route. The path sets PS l ;
from the root node r to the respective leaf node l, and PS ij_l ; from a node i to the respective node j through the route l were defined as sequences of linked pipe segments. The functions applying both to PS l and to PS ij_l were put to use on each of the pipe segments separately within the path set in question.
The pipe segments of the branched type DH network were dimensioned according to the peak heat demand by including simultaneity factor as a function of the cumulative number of consumers. Each heat-demanding node in the DH network model was defined as supplying heat to six consumers, except for the nodes i=6, 11, 12, 24, 29, 30 and 35 , which supply heat to three consumers each. The cumulative number of consumers for each node in the network was calculated using Eq. (1).
where CC(N i ) is the cumulative number of consumers at the node i and Г + (N i ) denotes the set of all successor nodes in relation to the node i.
The simultaneity factor for space heating was calculated on the basis of the cumulative consumer load on each pipe segment, using Eq. (2) [47] .
where SF SH refers to the simultaneity factor for space heating.
The heat load for SH and for DHW was calculated for each pipe segment, using Eq. (3) and
Eq. (4), respectively, and the total heat load by use of Eq. (5).
where Q� SHL refers to the heat load for SH and QṠ HD denotes the unique heat demand for SH of the individual consumer, both expressed in kW.
where Q� DHWL refers to the heat load for DHW expressed in kW, where A=1.19, B=1.5 and C=0.3 for a substation having a 120 l buffer tank and where A=1.19, B=18 and C=13.1 for a substation having a heat exchanger [37] .
where Q� HL is the total heat load at node N i both for SH and for DHW, the integrated simultaneity factor depending upon the cumulative number of consumers.
The mass flow was calculated in accordance with the heat load by use of Eq. (6) .
where ṁ refers to mass flow in kg/s and h f (T) is the specific enthalpy [kj/kg] of the heat carrier medium at temperature T [°C], the subscripts S and R indicating the temperatures of the supply and the return heat carrier medium, respectively.
The pressure drop in the different pipe segments was calculated using the Darcy-Weisbach equation because of the advantage it has of being strictly dependent upon the kinematic viscosity of water, which is a function of the temperature and is applicable under different flow conditions [44, 48] . The friction coefficient f was calculated using the Clamond algorithm, which is simple, fast, accurate and robust for solving the Colebrook equation [49] .
Calculation of the pressure drop was carried out for the supply and the return lines separately on the basis of their temperatures.
Heat loss from the DH network was calculated using Eq. (7), which takes account of differences in temperature and of the linear temperature-dependent thermal coefficient between the medium and the ground around it for both the supply and the return lines.
where Q� Loss is the total heat loss from the DH network, which has n i nodes, U(D) being the This explicit U-value-based formulation is satisfactory and practical from an engineering standpoint. In the heat loss calculations, drops in temperature within the network, the temperature dependency of the thermal conductivity, and the ageing of the PUR (polyurethane) foam were neglected [45, 50, 51 ].
Dimensioning Methods
After determining the basic input data for the DH network, such as geographical information regarding the area as well as the heat source and the heat load on the pipe segments, it is essential that one select an appropriate design method for dimensioning the pipe segments, in order to avoid over-dimensioning of them, which can result in excessively high network installation costs and a high degree of heat loss. The following dimensioning methods were employed for the branched DH networks connected to substations having 120 l buffer tanks for DHW production.
Dimensioning Method 1. The Maximum Pressure Gradient, Critical Route Method
The maximum pressure gradient method, involving use of a critical route, has been widely accepted and been traditionally used for the dimensioning of DH networks. In using this method, the maximum pressure gradient is taken as a limit, its being calculated on the basis of the maximum allowable pressure drop for the critical route in the network, using Eq. (8) [31] .
where ∇PMax_Cr refers to the maximum pressure gradient, defined in terms of the critical route,
where L(R CR ) is the length of longest route for the Trekroner DH network, and ∆P Max refers to the maximum allowable pressure drop of 8 bar, as dealt with in section 2.1.
Each pipe segment in the network was then dimensioned, using Eq. (9).
Subject to the constraints
where ∇P(Pi-1,i) refers to the pressure gradient, calculated according to pressure drop ∆P(Pi-1,i) of the pipe segment Pi-1,i.
Dimensioning Method 2. The Maximum Pressure Gradient, Multi-Route Method
Dimensioning Method 1 leads to over-dimensioning of the pipe segments in the separate routes rather than the critical route of the DH network. If a pump can handle pressure loss in the critical route, it can also handle lesser pressure losses in other routes of the piping network when a closed loop system is involved [48, 52] . In accordance with this, the maximum pressure gradient limit was determined for each route separately, using Eq. (10).
Then, the pipe segments were dimensioned within the limits of the maximum pressure gradient of the route to which they belonged, using Eq. (11). Since the main lines have several routes in common, the lower pressure gradient limits were determined from among the limits defined for the routes.
Subject to the constraints:
Dimensioning Method 3. The Optimization Method
The pipe dimensions could not be reduced sufficiently by use of Dimensioning Method 2. The pressure gradient criteria, even applied in multi-routes separately, may have resulted in an over-dimensioned piping network. The remaining pressure potential may, because of the overly large dimensions that Dimensioning Method 2 provided, have had the possibility of allowing further reduction in pipe dimensions. An optimization algorithm was needed in order to utilize the potential of the maximum allowable pressure limit as much as possible in connection with each route of the DH network. Due to the complexity of DH network, the approach of searching for the minimum value of the objective function for each combination of available diameters in each pipe segment is not a particularly effective optimization method, even if it can provide an accurate global minimum [32] . The use of optimization algorithms saves time in the case of such large and complex DH networks, providing a solution which is close to the global minimum [31] . Continuously variable (though not commercially available) pipe diameters were found for the different pipe segments by use of an optimization method of this sort, the objective functions and the appropriate constraint functions being obtained using Eq. (12) .
where D * is a continuous pipe dimension which is obtained and D min and D max are the corresponding minimum and maximum pipe diameters, respectively, of the pipe catalogue set TPD. The DH network contains n l leaf nodes.
Optimization was carried out by use of the optimization toolbox of the commercial software Matlab and of the "Active Set" algorithm there [53] . The continuous pipe diameters obtained were rounded upwards by means of Eq. (13) to pipe diameters that are commercially available.
In order to ensure that the resultant optimal diameters were close to the global minimum in terms of heat loss from the DH network, the optimization was run from several different starting points [32, 33, 53, 54 ].
Evaluation of Pipe Dimensions
The heat consumption profiles of the consumers involved can affect operation of the DH system considerably [11, 33] . The optimal pipe dimensions were evaluated by means of the commercial software Termis, which in its basic assumption based on mass continuity in all the pipe segments that are linked with one another, i.e. the total heat demand of the consumers as a whole needs to be equal to the total heat supplied by the heat source. The DH piping network was also dimensioned in accordance with a simultaneity factor based on the peak heat load. Since this resulted in a mismatch between the heating demands of the consumers and the heat supplied by the heat source, there was the need in connection with the Termis simulations to adjust the heating demands of the consumers as a whole so that they correspond to the supplied heat in terms of the simultaneity factor. Several scenarios,
representing -as a whole-the peak situation in the winter months, were created by means of randomly generated heat demand data based on use of the simultaneity factor, there two fields of application of this; the one being that of the junction of several pipe segments in the one by use of Eq. (14) and the same predecessor pipe segment by use of Eq. (15):
where S SS_MP is the array of the heat demand values generated for the main pipe line, RNG is a random number generator and ̇ * ( ) is the heat load data generated at node i.
The second area of application of the scenarios referred to above is that of adjacent nodes in a given street pipe. Assume in Eq. (15) that follows that N i is the first node of the street line.
Subject to the constraints: ) where S SS_SP is the array of the heat demand values generated for the street line in question.
Let n SS be defined as the number of steady state scenarios generated. These steady state scenarios were ones created by the synchronized generation of sub-scenarios for the street and for the main lines by use of Eq. (16). 16) where S SS is the array of a scenario that contains the random heat demand data for the DH network as a whole.
The random number generator of MS Excel was used to define the seed for random number generation in terms of computer time so the steady-state scenarios were generated in different time configurations so as to avoid duplicate numbers [55] . The optimal pipe dimensions obtained were used as input data, the steady-state scenarios in the Termis model providing the heat demand input pertaining to the consumers in question. In the Termis model, the temperature of the heat supply from the root node and the return temperature from the consumers were set at T S =55 °C and T R =25 °C, respectively. A pressure vessel having a holding pressure of 1.5 bara and a variable-speed pump, with performance being shown at Table 1 , were located in the return line at the heat source [44] . In order to avoid a negative or an insufficient pressure difference across the different substations, the pressure difference was fixed at a minimum of 50 kPa in each consumer's substation [27] .
The Termis simulations allowed such parameters as the maximum static pressure in the DH network and the minimum pressure difference for the consumers to be checked in terms of the design limits. The confidence interval for the maximum static pressure was determined by means of the bootstrap method, which was used to resample the simulation results for the maximum static pressure reached in the DH network. The reliability of the confidence interval was increased by use of the bootstrap method [56] .
Network Types
The energy performance of the DH network was also evaluated for networks of three different types and with substations of different types and booster pumps installed in the network.
Network Type 1. The DH network was connected to substations provided with 120 l buffer tanks for DHW production (3 kW). Subject to the constraints:
where PS r_j is the sequence of pipe segments from the heat source to the booster pump in the street that is longest of all, ∆P BP is the additional head lift provided by the booster pump, Ps(N i ) and P r (N i ) are the values for the static pressure found at node i, NM is the set of the longest nodes contained in the main lines, and SN is the set of starting nodes for the different street lines.
Network Layouts
During the summer months no use is made of SH and the use of DHW is reduced, due to the absence of many consumers, who are on vacation. The stableness of the heat carrier medium due to reduction of the overall heat load results in a considerable drop in the temperature of the supply heat carrier medium [35] . A drop in temperature of the heat carrier medium at the supply point can be avoided by use of either of the following two network layouts:
Layout 1. Branched Network with a Bypass at Leaf Nodes:
Equipping a substation with a bypass allows the cooled supply heat carrier medium to circulate through the return line back to the heat source, resulting in a higher return temperature and as a consequence in greater heat loss from the network and decreased efficiency in the extraction of heat from the heat source [9, 16, 35] . Installing thermostatic bypasses in substations in leaf nodes is widely accepted as a solution to this problem in traditional DH systems (Figure 1 ). When the temperature of the supply water drops below a certain temperature, the thermostatic bypass is activated to direct the supply water to the return line [34, 35] . In Layout 1, each of the leaf nodes of a branched DH network layout is equipped with a bypass set to a temperature of 50 °C, and is provided with a dead band of 4 °C and a maximum flow limit of 0.056 kg/s.
Layout 2. Looped Network:
Another method for preventing a temperature decline of the supply heat carrier medium is to provide the DH system with a looped network layout.
Normally, a looped network is used in order to increase the security of supply [29] . In the present case, however, a looped network was employed so as to maintain circulation of the supply heat carrier medium by utilizing the dynamics of heat consumption, without the necessity of using a bypass, preventing in this way an increase both in the return temperature and in heat loss from the return line [57] . This is because the piping network in a looped layout supplies heat to a greater number of consumers in a given district than a branched layout does. This increases the stability of the supply temperature since, for example, when there is no heat demand in one particular location the heat carrier medium is circulated in the supply line to other consumers through the looped DH network [29] . Thus, the dimensions applying to a branched network were used in the looped network, in which external pipe segments are installed in the leaf nodes to form the looped layout ( Figure 2 ). The diameters of these new external pipe segments were selected on the basis of the maximum diameter of the pipe segments (see Dimensioning Method 3) connected to leaf nodes.
Dynamics of a DH Network
The situation prevailing during the summer months was simulated in Termis for two network layouts with scenarios generated in accordance with there being different occupancy patterns of consumers then as a result of frequent vacation periods, and on the basis of a simultaneity factor effect on each pipe segment. First, the nodes of consumers present physically and found in the DH network were generated randomly by use of Eq. (18) .
Subject to the constraint:
where CC φ_Sc is the node list array that was generated, which includes the consumers currently present, together with subscripts representing the occupancy ratio φ, and the scenario number Sc.
Dynamic heat demand scenarios S φ_Sc were then created by generating random heat demand data based on use of a simultaneity factor at each time step t, with two equations (14) and (15) applying to each of the predefined occupying-consumer nodes (CC φ_Sc ). Later, each of the scenarios generated served as the basis for heat-demand input data for both of the DH network layouts, so as to maintain the same conditions throughout.
Drops in temperature were also evaluated in terms of the DH network layout. The principle of "heating-degree day" measurement [58, 59] was used in assessing the level and the duration of the cooling down of the supply heat carrier medium at heat-demanding nodes during a given time interval. Supply temperatures predicted from time series simulations were evaluated in cases in which the supply temperature falled below a certain base temperature, by use of Eq (19) .
where DM is degree-minutes in °C-min, ∆t is the time step value [minimum], T S,t (N i ) is the supply temperature during the time period t at the node N i , T B is the base temperature, and t o and t f refer to the initial and the final time step, respectively, of the time interval.
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Results and Discussion
The pipe-node list for the Trekroner DH network model is shown in Table 2 , together with the calculated heat load and mass flow needed in each pipe segment for different substation configurations. the ∇PMax_l values of which are given in Table 4 . The residual unused pressure drop potential resulted in both cases in the piping network being over-dimensioned. Dimensioning Method 3 yielded optimal dimensions that were smaller than those provided by the other two dimensioning methods. The pressure drop values obtained were close to the maximum allowable pressure drop, with a 14% reduction in heat loss there compared with Dimensioning Method 1. It was found that the optimization algorithm used in conjunction with Dimensioning Method 1 tended to give results representing an increase in the diameter of the pipe segments in the main line but a decrease in the diameter of the pipe segments of the street lines. Although the maximum velocity limit was not taken account of in the dimensioning stage, an optimal piping network resulted in a maximum flow velocity of 2.4 m/s in the pipe segments labelled as 5, 10, 16, 23, 28 and 38.
Dimensioning Methods
Evaluation of Pipe Dimensions with Respect to the Maximum Static
Pressure
Simulations using steady-state scenarios resulted in different maximum static pressures due to differences in heat consumption profiles within the DH network. The 95% confidence interval for the maximum static pressure computed for the DH network was found to be 1010 ± 3.112
kPa. Re-sampling then, obtaining values 50,000 times with use of the bootstrap method, resulted in 1007.5 ± 0.015 kPa. In terms of this latter confidence interval, the maximum static pressure values obtained were considered to be satisfactory, despite their being slightly higher than the design limit for a static pressure of 10 bara. Peak winter conditions occur very seldom, and the safety factor employed in dimensioning the network equipment provides considerable leeway, virtually assuring that the network will not be damaged [60] .
Network Types
Branched DH systems of three different network types were dimensioned by use of the optimization method associated with Dimensioning Method 3. The longest nodes of NM {13 and 34} and the starting street-nodes of SN {2, 7, 13, 20, 25 and 31} provided boundary conditions for the dimensioning method used for the DH network of network type 3. The three types of DH network differed in the degree to which the total length of each dimension of the pipes varied, as shown in Table 5 . DH systems of network type 1 were found to clearly yield smaller dimensions, providing an 8 % reduction in heat loss as compared with network type 2, due to a reduction in flow demand brought about by the buffer tanks in the substations.
Use of network type 3 (which had booster pumps) resulted in a 2% reduction in heat loss (for the DH network) as compared with network type 2 (which had no booster pumps). The design limit for the maximum allowable pressure difference for each street was increased after the installation of booster pumps, which provided a head lift of 3.8 bar (Table 6 ). For the streets belonging to the first and the fifth routes there was already a sufficient pressure difference ( 7.4 bar) between the supply and the return lines of the main line. Thus, no booster pump was installed in these routes, so as to avoid exceeding the static pressure of 10 bara for the streets in question, in accordance with the design. However the reduction in heat loss in Network Type 3 in comparison to Network Type 2 was not found to correlate with the level of reduction in diameter that comparison of the two revealed, due to the nonlinear characteristics of the heat loss transfer coefficient values obtained, e.g. U(37.2) < U(26) and U(20) < U (15) [W/(mK)].
Network Layouts
The Termis Model, with the optimal pipe dimensions provided with use of Dimensioning Method 3, was employed in connection with both of the network layouts with configuration of network type 1 (further information regarding this is provided in section 3.3). In each time series simulation, heat demand data served as the input data for assessing the heat demand of consumers. The time series were generated for a time range of t f -t o = 8 hours, using a time step of ∆t = 10 min for the scenarios, which were generated five times (n TS = 5) for each presence ratio considered, those of φ=75%, 50% and 25%. Table 7 presents the frequency distribution of the heat demand in kW at the consumer nodes of the scenarios, as an illustration for occupancy ratios of S 25_3 , S 50_2 and S 75_1 . As can be seen in Table 7 , the heat demand at the consumer nodes increased as the occupancy ratio became higher. For an occupancy ratio of 25%, some parts of the DH network contained only one or two occupying consumers, resulting in a low heat demand within the time range of the scenarios. Table 8 shows the ratio of heat loss to the heat energy supplied within a time range of 8 hours, the return temperature being obtained at the heat source and the degree-minutes of the supply temperature within the DH network. The low heat demand density for φ=25% was found to affect the operation of DH by producing large variation both in the ratio of heat loss to heat supply in Layout 2 and in the return temperature at the heat source in Layout 1. Scenarios involving high occupancy ratios, such as φ=50% and φ=75%, resulted in the values for both the ratio of heat loss to heat supply in Layout 1 and for the return temperature at the heat source in both layouts varying only slightly. The operating principles of the looped network did not allow the return heat carrier medium to circulate before the temperature had fallen to the return design temperature (T R =25 °C). Thus, Layout 2 was found to maintain virtually the same return temperature, of about T R =25 °C, at the heat source, regardless of the occupancy ratio and of the degree of variation in the heat demand. In contrast, considerable variation in the return temperatures at the heat source was encountered in Layout 1, due to the mixing of heat carrier mediums of supply and return with each other at return line. As can be seen in Figure 3 , for each scenario the heat loss from the supply line was considerably greater for Layout 2 than for Layout 1, whereas in the return line a small change in heat loss occurred between the layouts, though only for an occupancy ratio of 25%. The latter can be explained as being due to the low heat demand there and, as a consequence, the return temperature being raised by mixture of the return medium with the supply heat carrier medium. The positive correlation of degree-minutes and heat loss here suggests the heat loss to have occurred because of the long waiting time of the supply heat carrier medium at Layout 2. A high density of the heat demand reduces the waiting time of the supply heat carrier medium at Layout 2.
A detailed consideration of heat-demanding nodes with an unsatisfactory supply temperature can be rewarding. In scenario S 25_1 , it is node 38 which is the most unsatisfactory heatdemanding node, in light of the fact that the supply temperature has a degree-minute value of 686 °C-min. Figure 4 shows the changes obtained in the supply temperature at node i=38 during an 8-hour period and in the heat demands of the nodes i=38 and i=37, the only heatdemanding nodes in the local loop in this scenario. The heat demand patterns of the five consumers at the two nodes resulted in an inadequate supply temperature due to the supply heat carrier medium being overly stable for a long period of time.
In the same scenario S 25_1 , the heat-demanding node i=16 developed a different dynamic behaviour, one that resulted in a degree-minute value of 419 °C-min ( Figure 5 ). In this local loop the number of heat-demanding consumers connected to nodes i=16 and i=19 was five, just as in the previous local loop example. However, the heat demand pattern at the heatdemanding nodes did not result in any extreme drop in the supply temperature, as it did at node i=38. The node i=16 was exposed to reductions in the supply temperature, slight in magnitude and of short duration, which is more or less acceptable from an engineering point of view. 
Summary and Conclusions
The paper has presented a new method for designing low-energy district heating systems, pipe-dimensioning methods, network layout and types of substations being taken up in particular. It was shown that a considerable reduction in heat load in such systems can be achieved through taking account of simultaneity factor in planning of each pipe segment. An optimization method aimed at reducing heat loss in a DH network, also when pressure changes in the various routes through the system are at a maximum, was proposed, a method that can prevent the over-dimensioning of the piping network that readily occurs in the use of traditional dimensioning methods. Comparisons of different dimensioning methods showed that the "Maximum Pressure Gradient" method, when used in conjunction with the optimization method just referred to, was able to provide energy savings of some 14% in preventing heat loss from the DH network. Evaluation of the degree of optimality of a piping network by means of the commercial software Termis was carried out using heat demand scenarios that were randomly generated while at the same time taking account of the simultaneity factor that applied for each pipe segment separately. The results provided strong support for the validity of the optimization method referred to, and also for use of it ensuring that the system is able to withstand conditions of maximum static pressure with sufficient pressure differences obtained in each substation in the DH network. Analysis of different types of networks showed a DH network connected to substations having buffer tanks for DHW production (Network Type 1) to show an 8% lower heat loss from the DH network than a DH network connected to substations having heat exchangers for DHW production (Network Type 2). A Type 3 network, in which booster pumps were installed in a Type 2 network, was found to make a considerable reduction in pipe dimensions possible as a consequence of increased maximum allowable pressure drop at the DH network. At the same time, only about a 2% saving through preventing heat loss by use of a Type 3 network rather than type 2 network was achieved. The fact that the saving here was so small appears to have been due to the nonlinear characteristics of the heat transfer coefficient. The studies reported on also deal with conditions of low heat demand during summer months when it can be important to prevent low supply temperatures in the DH network from developing. This can be achieved by of either of two different types of network layout, that of a branched DH network having bypass units (Layout 1) and of a looped DH network (Layout 2). Scenarios in which the heat demand patterns of consumers were based on use of simultaneity were generated, the input data thus obtained being analyzed by the Termis software in terms of differing occupancy ratios (25%, 50% and 75%). Under low occupancy-ratio conditions (25%, such ratios being common during the summers), a DH network can react sensitively to consumers' heat demand patterns, in the case of Layout 2 in terms of marked variations in heat loss and in the case of Layout 1 in terms of sudden variations in return temperature at heat source in response to different scenarios. One can note that the operational philosophy of Layout 2 is strongly oriented to the heat consumption of consumers. Low demand conditions can also result in the heat carrier medium remaining unused in the supply lines for extended periods of time, which can lead to excessive drops in temperature. In addition, external pipe segments located in looped networks can be a source of considerable heat loss. For occupancy ratios of 25% or less, there also tends to be a clear difference (up to 4 °C) between the return temperature present at the heat source and the return temperature that was planned.
Simulation results that were obtained pointed in a general way to Layout 1 being superior to Layout 2 in terms of the supply temperature in the DH network being delivered to consumers with as little loss of heat as possible.
A number of general conclusions not yet taken up can be drawn. One is that a district heating system should always be designed in accordance with what works best within the district itself. Another conclusion is that it is highly important to take into consideration, for each pipe segment separately, the degree of simultaneity of the heat consumers involved. In addition, it appears that significant savings can be achieved by use of the proposed optimization method, which makes use of the pumping head in all closed loops of a DH network. Buffer tanks for DHW production, installed in separate substations, were found to reduce the heat demand appreciably, enabling the pipe dimension of the DH network and the heat loss from it to be reduced as well. One can note too that the mixing of supply and return heat-carrier waters that can occur through bypasses being located in leaf nodes does not cause any excessive increase in temperature, except under conditions of extremely low heat demand, the return temperature there also tending to be rather moderate. One should note too that looped DH networks without a bypass tend to contain a considerable amount of supply heat carrier medium, which can lead under certain conditions to considerable drops in temperature and to greater loss of heat from the DH network than from a branched DH network having bypass units in the leaf nodes. Table 1. Pump data used in the Termis Model. Table 2 . List of the pipes and the nodes in the Trekroner DH network. Table 3 . Pipe diameters, pressure drop values in the different routes, and heat loss from the DH network, as obtained for each of three different dimensioning methods. Table 4 . Maximum pressure gradient limits ∇P Max for each of the routes, and the maximum pressure gradient values obtained. Table 5 . Pipe diameters and heat loss from the DH network, as obtained for each of three different DH network types. Table 6 . Pressure changes after installation of a booster pump in the first pipe segment in every street. Table 7 . Frequency distribution of the heat demand in different nodes during a time series, for each of three different scenarios that were generated, S 75_1 , S 50_2 and S25 _3 . Table 8 . Ratio of heat loss to heat supply in the DH network, together with the return temperature at the heat source and the degree-minute values obtained, for each of two network layouts. 
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